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ABSTRACT
A self-powered sensor, storage and transmission system was developed for Structural
Health Monitoring (SHM) of transportation infrastructure to mitigate breakdown of roads
and provide insights on the health of civil infrastructure prior to actual breakdown. The
proposed system, to be embedded under the surface of the road, is designed to power up
and enable wireless transmission in a transceiver.
The source of power is thermo-electric, which eliminates the need for batteries, keep-
ing in mind the limitations of battery life in the context of the life-cycle of roads, the latter
having a much longer lifespan. The voltage from the Thermoelectric Generator (TEG)
is boosted and subsequently regulated to a usable voltage for the proposed application.
Vibrations from oncoming cars on the road are converted to an analog voltage by a piezo-
electric device. This is fed to the MSP430F2274 micro-controller, which is a part of the
End Device (ED), which also has a wireless CC2500 transceiver embedded on-board. The
micro-controller has an ADC (analog to digital converter) which digitizes the voltage. This
is subsequently transmitted wirelessly by the transceiver to a receiver on an Access Point
(AP) when the latter is in range.
The transceiver/controller board has a memory of 32 kB, which can be enhanced using
external memory. This will be used for storing oncoming data until an Access Point device
is in range, at which point, the digitized data is transmitted. The array of data received at
the Access Point is analyzed to collect statistical information including number of vehicles
(type, weight etc.) and further studied for insights into breakdown of the road.
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1. INTRODUCTION AND PROBLEM STATEMENT
Post World War II, The Federal Aid Highway Act of 1956 was one of the most pre-
dominant factors that ushered the United States into the era of massive economic growth
and prosperity. As of 2017, the nation has more than 6.5 million kilometers of roads across
its length and breadth, making it the largest road network in the world. However, a net-
work of this size also faces a maintenance problem of an equal magnitude. The economic
corridors which opened up due to excellent road connectivity, led to an ever-increasing
number of vehicles on American roads. The massive cost of repair for a project of this
size notwithstanding, the difficulty of maintenance means that US road infrastructure is
crumbling further [11].
Since a majority of roads (especially highways) are in use for a significant portion
of the year, closing a portion of the road for repair is often inconvenient, and, at times
unfeasible. Therefore, it is crucial to mitigate the dangers of road breakdown before the
actual deterioration of the road. This way, repairs on that part of the road will consume
lesser effort, lesser cost and cause lesser inconvenience. To this end, this work discusses
a Self-powered Structural Health Monitoring System (SHM) with the goal of extending
the life of infrastructure systems such as roads and pavements. This solution is especially
relevant for rural roads with little access to the electric grid, which make up a majority of
Texas roadways.
The need to build a self-powered (battery-less) SHM system stems from the very nature
of this project. Not only would having several batteries increase the overall cost of the
project, they would also prove to be unfeasible on the long run. Even the battery with
the most superior life-cycle would not outlive the durability of a road, thus defeating the
purpose of the project. Despite the advantages of present-day rechargeable batteries, loss
1
in capacity (aging) is inevitable and not restorable. Eventually, lesser and lesser active
material is available within each battery to electro-chemically store a charge. We therefore
resort to thermal sources to power up the entire system.
There have been several approaches to harvest ambient energy in order to use it to
power up SHM systems. Zhou et al. [12] employ the harvesting of piezoelectric vibrations
to power up the Microcontroller (MSP430). They, however, use a battery for power backup
during low-traffic times (when less piezoelectric vibration takes place). Dondi et al. [13]
also use piezoelectric vibrations to harvest energy (with a battery backup), but deliver an
output power of 0.845 mW and provide a maximum data rate of only 22 bits per second.
Hassan et al. [14] employ Solar power as their source, and generate an output as high as
120 mW. However, they also have to rely on a battery backup in order to ensure continuous
power supply. Yuan and Wang [15] use Magnetorestrictive materials to harvest energy, and
are able to ensure continuous power supply without a battery backup. However, they are
reporting a power output of 0.576 mW which is insufficient for the proposed application.
This work discusses the development and demonstration of a self-powered Thermo-
electric Power Harvesting System designed for continuous operation, regardless of weather
conditions, and the ability of such a system to reliably transfer data to assist in Structural
Health Monitoring.
2
2. PROPOSED SYSTEM FOR HARVESTING OF THERMAL ENERGY
2.1 System Overview
The unique feature of the proposed system is its independence from batteries, in order
to gain a long product life. To this end, the entire system is powered from temperature
gradient across the surfaces of Thermo-electric generators (TEGs). It converts a tempera-
ture difference across its plates to an output voltage (Seeback effect). For the temperature
differences that were obtained in the year-long data used in this work, the TEG gives a
voltage output of several hundred millivolts. An illustrative System diagram can be seen
in Fig. 2.1.
Thermo-Electric
Generator 
TXL - 287-03Z
(ΔT --> ΔV)
Bipolar DC-DC boost
converter
(VB0410-2)
TPS54160 Buck
Converter
Low Power
Microcontroller
MSP430F2274
Wireless
Transceiver 
CC2500
USB power
port
Car
vibrations
Piezo-electric
device
Temperature
measurement (Extech
4-channel K-type
thermocouple)
Access PointEnd Device
Temperature
data stored onto
SD card. 
Wireless
Transceiver 
CC2500
Low Power
Microcontroller
MSP430F2274
Figure 2.1: System block diagram
The voltage obtained at the output of the TEG (of the order of a few hundred millivolts)
is fed to a bipolar DC-DC booster, which boosts it to 9.86 V for input voltages above
40 mV. Typical low-power microcontrollers accept supply voltages much lower than that
provided by the DC-DC booster. To this end, the boosted voltage is fed to a Buck converter
(TPS54160) in order obtain a lower regulated supply voltage of 3.3 V. This is used to power
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up the End Device, which has the MSP430F2274 microcontroller and CC2500 wireless
transceiver. The End Device takes an analog input from a piezoelectric device, and stores
it in memory after digitizing. The stored data is transmitted wirelessly by the CC2500
Wireless Transceiver to an Access Point (typically located in a remote car/station).
2.2 Thermoelectric Generator
A Thermoelectric generator (TEG) is a device which produces a voltage at its output
when a temperature difference is applied across its plates. It works on the principle of the
Seeback effect.
Seebeck effect is the production of a voltage in a device when two dissimilar materials
form a loop with different temperatures at each junction of the device [16]. When heat is
applied to one of the two conducting surfaces, heated electrons, now at a higher potential
energy flow towards the cooler one. If such a pair is connected through an electrical circuit,
current flows through that circuit [17].
The voltages thu produced by Seebeck effect are of the order of a few microvolts per
degree Celsius of junction temperature gradient. Several such devices can be connected
in series to increase the output voltage or in parallel to increase the maximum deliverable
current. Large arrays of Seebeck-effect devices can provide useful electrical power if
a sufficiently high temperature gradient is maintained across the junctions. The voltage
produced in a device working on Seeback effect is given by:
∆V = S ∗∆T (2.1)
where S is the Seeback coefficient of the TEG and ∆V is the thermo-electric voltage seen
at the terminals, on the application of a temperature difference of ∆T .
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2.2.1 Choice Of Thermo-Electric Device
We have chosen a TEG based on Bismuth Telluride (Bi2Te3) as the thermoelectric
material, which is able to operate at wide temperature ranges from -4000C to 12500C, and
capable of supporting temperature gradients of up to 6700C across its plates. The physical
properties of BiTe are a function of its thickness. This enables us to stack several Thermo-
electric elements in a module to increase the voltage output per ∆T , from the TEG.
In the proposed work, we have used the TXL-287-03Z TEG from the TXL group. It
has 287 BiTe Thermo-electric elements to convert ∆T to voltage [18]. BiTe has a Seebeck
coefficient of
S = 2X10−4V/0C (2.2)
at room temperature that increases 0.4% per degree Celsius of ∆T . This is expected to
give an open circuit output voltage VOC as:
VOC = 2 ∗N ∗ (0.0002 ∗ 1.004∆T )) ∗∆T (2.3)
where N is the number of thermoelectric elements in the TEG, (in this case 287), and ∆T
is the temperature difference between the two plates.
We used a hotplate to heat one plate of the TEG and cooled the other plate using an
ice-pack. We then calculated the temperature difference and the corresponding open cir-
cuit voltage generated. The TEG used in this work is shown in Fig 2.2 [1]. The open loop
voltage given by the TEG vs. the temperature difference across its plates is tabulated in
Table 2.1, and plotted graphically in Fig. 2.3.
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Figure 2.2: Thermoelectric generator (Reprinted from [1])
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Table 2.1: TEG open loop voltage given by the TEG vs. ∆T
Plate 1 Temper-
ature (0C)
Plate 2 Temper-
ature (0C)
∆T (0C)
Measured Voc
(mV)
Calculated Voc
(mV)
26.2 25.6 0.6 69 69.0
28.3 27.4 0.9 105 103.7
28.6 27.6 1 113 115.2
28.8 27.7 1.1 125 126.8
29.1 27.9 1.2 137 138.4
29.3 28 1.3 150 150.0
30 28.6 1.4 162 161.6
30.5 29 1.5 172 173.2
30.7 29.1 1.6 176 184.8
31.3 29.5 1.8 207 208.1
33.6 31.6 2 227 231.4
33.9 31.8 2.1 241 243.1
34.2 32 2.2 252 254.8
34.4 32.1 2.3 266 266.5
7
Figure 2.3: Graphical plot of temperature vs. voltage
2.2.2 TEG Setup
As described above, the TEG gives a voltage output for a temperature gradient be-
tween its surfaces. This temperature difference is created by the TEG having two different
temperatures at its two surfaces (corresponding to two depths) under the road. A copper
plate runs from just underneath the surface of the road to the desired depths. This is in
contact with the bottom plate of both TEGs. The top plate of both TEGs is in contact with
a separate copper plate which is surrounded by underground soil and is thus maintained at
the same temperature as that at that particular depth. An illustrative picture can be seen in
Figure 2.4.
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Figure 2.4: Temperature difference maintained by copper plates at 0.15m below the road surface
2.3 DC-DC Booster
The voltage generated from the TEG is in the order of a few hundred millivolts. There-
fore, a DC-DC converter is needed to boost the TEG-generated voltage to a level sufficient
to power-up the End Device. The DC-DC Booster is classified as a switching regulator.
An illustrative diagram of the DC-DC booster is seen in Fig. 2.5 [2].
Figure 2.5: DC Boost converter working diagram (Reprinted from [2])
In the proposed system, we use the VB-0410-2 (gold), shown in Fig 2.6 [3], which is a
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self-powered bipolar DC-DC converter, giving a positive voltage output regardless of the
polarity of the input. This is necessary because the polarity of the temperature gradient
between plates varies from night to day, and the bipolar DC-DC converter provides a
positive output voltage for positive as well as negative temperature gradients.
This DC-DC booster has a threshold voltage of 40 mV. For inputs exceeding 40 mV,
it gives an output of 9.86 V. The boosted outputs of the DC-DC converter vs. the input
voltage (obtained from the TEGs) are tabulated in Table 2.2 and the are graphically plotted
in Fig 2.7. The output voltage of the booster as a function of the input voltage is given by:
Vout =

0V if | Vin |< 40mV
9.86V if | Vin |> 40mV
(2.4)
Figure 2.6: VB-0410-2: Bipolar DC-DC booster (Reprinted from [3])
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Table 2.2: Input vs. Measured and Ideal DC-DC Booster output voltages
Input Voltage, Vin
(mV)
Measured Output volt-
age Vout (V)
Ideal output voltage Vout
(V)
35 0.016 0
36 0.023 0
37 0.048 0
38 0.056 0
39 0.064 0
39.5 0.112 0
39.6 0.356 0
39.7 0.580 0
39.8 0.690 0
39.9 1.2 0
40 3.2 9.86
40.1 6.85 9.86
40.3 7.66 9.86
40.5 8.98 9.86
40.7 9.83 9.86
40.9 9.86 9.86
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Figure 2.7: Graphical plot of output vs. input voltages of DC-DC booster
2.4 Step-down Converter
The voltage at the output of the DC-DC booster is susceptible to loading, from any
subsequent stages of the system. In addition, the voltage output at the booster (9.8 V DC)
is too high to operate the End Device. Hence, we seek to step down the DC voltage to
obtain a safe level (3.3 V) that can be used to power up the device.
2.4.1 Resistive Divider
The simplest method to step down voltage is using a resistive divider. The output
of a simple resistive divider will change according to the electric current supplied to its
load. The effective source impedance as seen from a divider of Z1 and Z2, as shown in
2.8 [4], will be Z1 in parallel with Z2. Load sensitivity can be decreased by reducing the
impedance of both parts of the divider, though this increases the divider’s quiescent input
current and results in higher power consumption (and wasted energy) in the divider.
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Figure 2.8: Resistive divider (Reprinted from [4])
2.4.2 Low Dropout Regulator
An alternative device often used to step down voltages and step up energy is the Low
Drop-out Voltage regulator (LDO). This option was explored, but found sub-optimal, as
the dropout voltage (difference between input and output voltage) was very high in the
proposed system (6.5 V), which resulted in power inefficiency, leading to very small, un-
usable current output. A schematic of an LDO is shown in 2.9 [5].
Figure 2.9: Low drop-out regulator (Reprinted from [5])
13
Figure 2.10: Buck converter schematic (Reprinted from [6])
2.4.3 Buck Converter
A step-down (buck) converter is a DC-DC converter which steps down voltage seen at
its input. Buck converters have a diode and a MOSFET switch. The switching action of
the Buck converter gives rise to a phenomenon called Voltage Ripple, which is undesired.
To minimize voltage ripple, capacitive-inductive filters are used at the output side of the
converter. A schematic of a Buck converter is shown in 2.10 [6]
Although Buck converters are used for their high efficiency, they also suffer from sev-
eral sources of power losses and inefficiency
1. Conduction losses: These depend on the load and are caused by the current flowing
through the circuit, during regular operation.
• Power drop across the Resistance (R) when the transistor switch S is conduct-
ing (I2R losses).
• Diode forward voltage drop (typically 0.7 V)
• Resistance arising due to imperfect Inductor winding
• Capacitor’s ESR (equivalent series resistance)
2. Switching losses (due to non-ideal switching operations):
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• Switching frequency, fswitch*CV2 loss
• Loss due to ’Reverse latency’.
• Losses arising from driving the MOSFET gate (due to finite input impedance).
• Transistor leakage current losses.
Figure 2.11: TI TPS54160 Buck converter (Reprinted from [7])
In the proposed system, TI’s TPS54160 Buck converter, shown in Fig. 2.11 [7]. is used
to step down the 9.8V provided the booster to 3.3 V. The device is capable of accepting
input voltages from 6 V to 36 V and step them down to 3.3 V.
2.5 End Device
The End Device receives piezoelectric vibrations as analog signals and transmits it
after converting the signal to digital [8]. We have used the EZ4300-RF2500, which has the
MSP430F2274 microcontroller and CC2500 transceiver on board. The Analog to Digital
conversion process happens inside MSP430F2274 Microcontroller. The controller’s pins
have been programmed to accept an analog input from a source, digitize and process it.
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The CC2500 works on the SimpliciTI protocol. The CC2500 transceiver advertizes (scans)
for an Access Point (AP) in range. Once an AP is detected, it will transmit all the stored
data, wireless-ly,
The End Device can be seen in Figure 2.12 [8]. The End Device code is to be down-
loaded via a USB port, with the appropriate Minimal RF Interface (MRFI) code. The ED
code is in Appendix A and the MRFI code is in Appendix C.
Figure 2.12: End Device (Reprinted from [8])
2.5.1 MSP430F2274 Microcontroller
The MSP430F2274 is the microcontroller embedded on the End Device. The device
has a 16-bit RISC CPU and 16-bit registers. It has two built-in 16-bit timers, a universal
serial communication interface, a 10-bit A/D converter (ADC10) with a data transfer con-
troller (DTC), two general-purpose operational amplifiers in the MSP430F2274 devices,
and 16 I/O pins [9].
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Figure 2.13: Pin diagram of MSP430 controller (Reprinted from ([9])
Refer the picture of the pins on the End Device in Fig 2.13. The MSP430F2274 takes
analog input at Pin 3 (with a ground reference at Pin 12), digitizes it and then sends it to
the CC2500 for transmission, when an Access Point is in range.
2.5.2 CC2500 Wireless Transceiver
The transceiver used in the proposed system is the TI CC2500, running on the Simplic-
iTI Protocol - a low-power RF network protocol optimized for small-sized RF networks
having a fixed of nodes communicating among each other or through an access point.
The baseband modem of the CC2500 supports several modulation formats and has
a configurable data rate, with a maximum of 500 kBaud. In the proposed system, the
CC2500 is used together with the MSP430F2274 controller on the ED/AP [19].
There are three modes in which the CC2500 Transceiver operates:
1. Advertising mode:
This is the default mode of operation of the Transmitter on the End device. While in
this mode, the device continuously looks for an Access Point to pair with. As soon
as an AP is detected, it is ready to transmit all the data it has been acquiring through
its inputs and processing through its on-board ADC in the MSP430F2274.
2. Transmit mode:
The End device enters this mode once an Access Point is detected and ready for
data transmission. The ED will transmit all the digitized data on its memory onto
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the AP as long as it is in range. This mode requires 1 mA at 3 V, at a rate of 1.2
kbps. The establishment of a connection between the ED and the AP is signaled by
the blinking of one of the LEDs on the AP. Once the connection is lost, the blinking
stops and restarts if the connection is restored.
3. Sleep mode:
This mode has the least power dissipation. In this mode, the ED is not actively
looking for an AP to pair with. It simply takes in analog data, processes it, and
stores it in memory. This mode typically operates at 390µA at 3 V.
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2.5.3 Comparison With Other Controllers And Transceivers
Table 2.3: Comparison with protocols of previous works
Motor-
ola
68HC11
Hitachi
H8-329
AVR-
8515
Cygnal
8051
PIC-
16F73
Atmel
AT-
90S8515
Renesas
H8-
4096F
EZ4300-
RF2500
A/D
Chan-
nels
8 4 1 3 5 1 Multiple 6
A/D
Reso-
lution
16-bit 16-bit 16-bit 16-bit 8-bit 16-bit 10-bit 10-bit
Program
Mem-
ory
16 kB 32 kB 8 kB 2 kB 4 kB 8 kB 128 kB 16 MB
Data
Mem-
ory
32 kB 32 kB 128 kB 192 kB 512 kB 2 MB
32 kB
+ 256B
flash
Radio
Proxim
Prox-
Link
Radio
metrix
Proxim
Range-
Lan2
Ericsson
Blue-
tooth
Realtek
RTL-
8019AS
Proxim
Range
LAN2
Phillips
Blue-
tooth
Chipcon
CC2500
Outdoor
Range
300 m 300 m 300 m 10 m 500 m 300 m 50 m 18 m
Data
Rate
19.2
kbps
40 kbps
1.6
Mbps
10 kbps
1.6
Mbps
1.2
kbps
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The biggest reason to choose the EZ4300-RF2500 as the End Device is its high Program
Memory size. This was a crucial metric, as the codes for the End Device (with the MRFI
code), the Access Point, along with the other codes in the environment are heavily memory
intensive, and the other End Device architectures would not have supported a code of this
size.
2.6 Access Point
The Access Point is a device that is used to collect data from the End Device. The
Access Point device can also be used for End Device functionality, i.e., it can itself in-
stantiate sensors or actuators in the network, by virtue of having the MSP430F2274 and
the CC2500 embedded on-board. It comes with USB compatibility, in order to be able to
display and log the collected data onto a computer (see Fig 2.14). The Access Point code
is to be downloaded via a USB port, which is in Appendix B of this document.
Figure 2.14: Access Point. (Reprinted from [10])
When an Access Point is in range of an End Device, The association between two ap-
plications, called linking, takes place. A connection-based object is created through which
other End Devices (or Range Extenders) can send messages. Connections are always a
bi-directional, indicated by blinking of on-board LEDs. In the proposed system, we’ve
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Figure 2.15: Screenshot of data collected at Access Point, on laptop
disabled the blinking of the LEDs on the ED in order to conserve power. Therefore, the
indicator of an established connection is the blinking of the LEDs solely on the AP.
The Access Point (AP) is a device usually in a car/control station, which collects and
stores digital data that it receives from the ED. This is ultimately, our useful data. The
SimpliciTI protocol allows for only one Access Point per system. A screenshot of the data
displayed on a computer screen, collected by the Access Point device can be seen in Figure
2.15 [10].
21
3. SYSTEM INTEGRATION
In previous sections, it was stated that continuous power supply must be provided to
the system. The functions of the End Device and the Access Point are also highlighted.
This section discusses the integration of the entire system. In the system that will be
embedded below the road surface, piezoelectric devices will be used to gauge vibrations
from oncoming cars and vehicles. We are using analog inputs to simulate piezoelectric
vibrations. These functions are generated using NI ELVIS.
In the lab setup, The temperature gradient across the plates of the TEG is maintained
by heating one plate using a heater, and using an ice pack to cool the other plate (Fig. 3.1
and Fig. 3.2).
Figure 3.1: Four TEGs mounted on heat source
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Figure 3.2: TEGs mounted with heat sink
The output from the TEGs is connected to the booster, and subsequently to the Buck
converter, finally powering up the End Device (Fig. 3.3).
Figure 3.3: DC Booster output going to Buck converter input
3.1 Turn-on Temperature
The Turn-on Temperature Tth is the temperature gradient across the plates of the TEG
at which the entire loaded system turns on and starts operating. It is a function of the
number of TEG devices in parallel, as each new device in parallel provides more current,
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allowing the loaded setup to reach steady state at a lower temperature gradient. Therefore,
the Turn-on temperature is inversely proportional to the number of TEGs in parallel.
In successive lab trials, TEGs were provided a temperature gradient (by the heater
and heat sink), the thermally generated voltage was boosted and regulated and connected
to the fully loaded setup.The temperature at which the setup starts operating, was noted.
This was performed for 1,2,3 and 4 TEGs in parallel. The results are tabulated in 3.3 and
graphically illustrated in Fig 3.4.
Table 3.1: No. of TEG plates in parallel vs. Tth (0C)
No. of TEG plates in
parallel
Tth (0C)
1 12.1
2 5.4
3 3.3
4 2.1
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(1 TEG,12.1 Celsius)
(2 TEGs, 5.4 Celsius)
(3 TEGs, 3.3 Celsius)
(4 TEGs, 2.1 Celsius)
Figure 3.4: No. of TEG plates in parallel vs. Turn-on Temperature (0C)
After plotting the Turn-on temperature vs. number of TEGs in parallel as seen in Fig
3.4 and curve fitting the data points, the relation between number of number of TEGs and
Turn-on temperature can be approximated as follows:
Tth =
12
n1.2
(3.1)
3.1.1 Loaded Buck Converter Input Voltage
The voltage at the input of the loaded buck converter is a function of the temperature
gradient ∆T, the Turn-on temperature Tth (and therefore, the number of TEGs) and the
number of Thermoelectric elements in the generator (N). A graphical depiction is shown
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in Fig 3.5.
The voltage at the input of the loaded buck converter as a function of the temperature
gradient across its plates, and the turn-on temperature is given by,
Vbuck,in =

1.004∆T ∗ (∆T∗N
211
+ 1.77)V if 0.6 < ∆T < TTh
9.86V if ∆T > TTh
(3.2)
where ∆T is the temperature gradient, Tth is the turn-on temperature and N is the number
of Thermoelectric elements in the TEG, 287 in the proposed system.
Figure 3.5: Actual vs. Expected voltage at input of loaded Buck converter vs. Temperature, while
using 4 TEGs
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3.1.2 Loaded Buck Converter Output Voltage
The voltage at the output of the loaded buck converter is a function of the temperature
gradient ∆T, the Turn-on temperature Tth (and therefore, the number of TEGs) and the
number of Thermoelectric elements in the generator (N). A graphical depiction of the
input voltage vs. the Temperature gradient, while powered up by four TEGs is shown in
Fig 3.6. A comparison of loaded input and output voltages, when the system is powered up
by four TEGs is shown in Fig 3.7, confirming that the sharp rise in voltage co-incides with
the turn-on temperature. A tabular arrangement of Output Voltage, Current and Power,
along with increasing Temperature difference (and therefore input voltage) can be seen in
Table 3.2.
The voltage at the input of the loaded buck converter as a function of the temperature
gradient across its plates, and the turn-on temperature is given by,
Vbuck,out =

1.004∆T ∗ (∆T∗N
400
+ 0.04)V if 0.6 < ∆T < TTh
3.318V if ∆T > TTh
(3.3)
where ∆T is the temperature gradient, Tth is the turn-on temperature and N is the number
of Thermoelectric elements in the TEG, 287 in the proposed system.
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Figure 3.6: Ideal and Real voltage at output of loaded Buck converter vs. Temperature, while using
4 TEGs
Figure 3.7: Voltage at input and output of loaded buck converter vs Temperature, while using 4
TEGs
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Table 3.2: Output voltages, current and power in fully loaded condition
Plate
Tem-
perature
(Celsius)
Sink Tem-
perature
(Celsius)
Tempera-
ture
difference
(Celsius)
Voltage
at input
of Buck
converter
(V)
Voltage at
output of
Buck con-
verter (V)
Output
Current
(mA)
Output
Power
(mW)
27.7 27.1 0.6 3.04 0.904 0.274 0.248
27.9 27.2 0.7 3.11 0.954 0.289 0.276
28.1 27.3 0.8 3.16 1.052 0.318 0.334
28.5 27.5 1 3.20 1.24 0.363 0.436
28.7 27.6 1.1 3.21 1.35 0.394 0.512
29.1 27.8 1.3 3.31 1.57 0.477 0.747
29.3 27.9 1.4 4.000 2.12 0.636 1.336
29.5 28.0 1.5 4.113 2.23 0.667 1.467
29.7 28.1 1.6 4.201 2.34 0.697 1.603
29.9 28.2 1.7 4.312 2.43 0.727 1.745
30.3 28.4 1.9 4.560 2.71 0.818 2.209
30.5 28.5 2 5.304 2.848 0.860 2.444
30.7 28.6 2.1 9.86 3.318 1 3.318
30.9 28.7 2.2 9.86 3.318 1 3.318
31.3 28.9 2.4 9.86 3.318 1 3.318
31.7 29.1 2.6 9.86 3.318 1 3.318
32.3 29.4 2.9 9.86 3.318 1 3.318
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3.2 Ensuring Continuous Power Supply
During the day, the metal plate closer to the surface of the road will have a higher
temperature than one which is deeper down. During the night, the metal plate closer to
the surface cools off faster than the one deeper in the ground. Also, during Day/Night
transitions, the temperature differences have a zero-crossing, leading to a period of time
where the temperature difference is lesser than the Turn-on Temperature, Tth, resulting in
zero voltage at the output of the TEG. This would turn off the device. To overcome this,
a parallel combination of four TEGs is kept at two different depths (see Fig 3.8). Their
outputs each go to a DC-DC booster. The voltage from these two boosters is summed
up (in series) and is provided as an input to the Buck converter, which powers up the
End device (See Fig 3.9). This is done to ensure that, even if the temperature difference
between one depth and the surface has a value lesser than Tth, it is unlikely that the other
depth will have a value lesser than Tth at the same time (Fig 3.8). However, during the
course of a year over which the temperature data was recorded, there are several time
durations when the temperature difference between both depths (relative to the surface)
goes below Tth. In this case, the device will be powered off and unable to accept input data.
However, within those time periods, under the assumption that the temperature changes
linearly, the time periods where temperatures at least one of the two devices is above Tth
is calculated. This time is subtracted from the sum total of all time intervals wherein the
temperature of both plates goes below the turn-on temperature, to obtain that sub-interval
wherein data cannot be collected/transmitted. This is significantly lesser than if the entire
hour was considered.
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Figure 3.8: Illustration of TEGs at two different depths
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Figure 3.9: Continuous power supply from TEGs at two depths
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Using the year-long temperature data (From 1st December, 2014 to 30th November,
2015) collected hourly from Texas and San Antonio, the following calculations were made
to compute the Effective off-time at both locations.
1. Sign0.15,0.50: Compares the sign of one temperature reading to that of the tempera-
ture reading from the previous hour. If they’re both of the same sign, ’Sign’ returns
0, else returns 1.
Sign0.15,0.50 = IF (∆TT1 ∗∆TT2 < 0, 1, 0) (3.4)
Here, ∆TT2 has the difference in temperature between the plates on surface and that
at 0.5m at time T2 and ∆TT1 has the temperature difference at the same depth at T1.
2. Signboth: Compares the change in sign of one temperature reading to that of the
temperature reading at another depth. If they’re both equal to one, Signboth returns
1, else returns 0. This indicates whether both plates undergo a zero-crossing during
a certain time-interval.
Signboth = IF (Sign0.15 ∗ Sign0.50 = 1, 1, 0) (3.5)
3. ZeroCross,0.15,0.5 : Returns the time at which the temperature of the plate goes below
Tth at 0.15m (or 0.5m), by linear extrapolation, assuming a linear relation between
time and temperature for that one hour duration. t1 and t2 are the start and end
times, ∆T0.15,T1 and ∆T0.15,t2 store the temperature difference at 0.15m at t1 and t2
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respectively. The exact analogous variables exist for the plates at 0.5m.
ZeroCross = if(Signboth = 1, t1+(2.1−∆T0.15,t1)∗(t2−t1)/(∆T0.15,t2−∆T0.15,t1))
(3.6)
4. Timezero : Returns the difference in minutes between the time of the temperature of
one plate going below Tth and another.
Timezero = abs(ZeroCross,0.15 − ZeroCross,0.5) ∗ 60 (3.7)
5. Conditionalturn−on : Returns the time at which one plate crosses the turn-on tem-
perature (∆Tth) before or after its own time of going below the turn-on temperature.
This formula is applied to both plates.
Conditionalturn−on = if(AND(Signboth = 1, OR(∆T0.50,t1 > ∆Tth,∆T0.50,t2
> ∆Tth)), t1 + (∆Tth −∆T0.50,t1) ∗ (t2− t1)/
(∆T0.50,t2 −∆T0.50,t1), ””)
(3.8)
6. Timeturnon1,2 : Time in minutes that one plate is on, while the other is off. This
returns zero if one plate is off throughout the off time of the other plate, and returns
the on-time in minutes, otherwise.
Timeturnon1,2 =if(Conditionalturn−on,1 < Timezero,2,
60 ∗ (Conditionalturn−on,1 − Timezero,2), 0)
(3.9)
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7. Effoff : Total time in the considered one hour time interval where both devices are
off. This is computed by subtracting Time difference between turn-off times of the
two plates and the conditional turn-on times of both plates. If the latter is larger than
the former, it returns 0, because it implies that the device was on for longer than
it was off. Another way of looking at it is that, while one plate was approaching a
zero-crossing, the other plate was on, and vice versa. Effoff can range from 0 to
60 minutes.
Effoff = max(Timezero − Timeturnon,1 − Timeturnon,2, 0) (3.10)
In figure 3.10, both plates have a zero-crossing within the same interval. Also, while
the temperature on one plate is below the turn-on temperature, the temperature on the other
plate never exceeds the turn-on temperature. In this case, there is no conditional turn-on
for either plates.
Delta T at 0.15m is 0.97 Celsius at 
 zero-crossing of the plate at 0.5m
Te
m
pe
ra
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 Δ
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0 C
)
Figure 3.10: Zero crossing with both plates off
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In figure 3.11, both plates also have a zero-crossing within the same interval. However,
while the temperature on one plate is below the turn-on temperature, the temperature on
the other plate exceeds the turn-on temperature, for a few minutes. This time interval is
subtracted from the time duration (one hour) in which the temperature gradient at both
plates goes below the turn-on temperature.
Delta T at 0.15m is 2.14 Celsius at  
zero-crossing of the plate at 0.5m
Te
m
pe
ra
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 Δ
T 
(0
C
)
Figure 3.11: Zero crossing with at least one plate on
For a time period of one year, the effective off-times are summed. Table 3.3 shows
the total number of hours the device would be switched off, for the duration of one year
between December 2014 and 30th November 2015, for San Antonio and Minnesota. It is
evident that the switch-off time falls with increasing number of TEG plates. A graphical
depiction is seen in Fig 3.12
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Table 3.3: No. of TEG plates in parallel vs. Total time of non-operation (hours)
No. of TEG plates
in parallel
Total hours of
non-operation
in San Antonio
(ΣEffoff )
Total hours of
non-operation
in Minnesota
(ΣEffoff )
1 2815 2410
2 508 368
3 115 98
4 30 18
Figure 3.12: Annual off-time in Minnesota and San Antonio
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3.3 Operating Rang, Timing and Power Considerations
The CC2500 transceiver (on the EZ4300-RF2500 chip) used in the proposed work
transmits data at a minimum rate of 1.2 kbps. The MSP430F2274 microcontroller has a
10-bit ADC which stores the piezoelectric impulse from an oncoming car into 3 bytes of
data. Therefore, each passing car (two-axle) provides 6 bytes or 48 bits of data.
Assuming that the Access Point is in a car moving at the speed limit of the road, the
total data it can accept from the End device can be computed as follows:
SpeedMax : 100mph = 44.7ms
−1. (3.11)
This is the worst case scenario, as it is the condition for minimum time for data transfer. A
higher data rate is required for a greater range, but this comes at the cost of a higher power
consumption. Range (R) scales with Power (P) as seen in Fig 3.13. It is an almost linear
relation.
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Figure 3.13: Range vs. Power
After plotting the Range vs. Power as seen in Fig 3.13 and curve fitting the data points,
the relation between Range of the device and Power consumption can be approximated as
follows:
R = 3.3 ∗ P 0.8 (3.12)
It is instructive to have a direct mapping between the power consumption and the
amount of data that can be transferred to the Access Point device, in order to gain insight
on how frequently the Access Point should pass over the End Device. This is seen in Table
3.4, and the same is plotted in Fig.3.14.
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Table 3.4: Power consumption vs. Range
Power
Con-
sumption
(mW)
Range (m)
Maximum
transmis-
sion time
(s)
Data that
can be
transferred
(kb)
No. of
cars whose
data can be
transferred
3.18 18 0.81 0.966 20
24.2 44 1.97 98.43 2050
34.5 50 2.24 223.7 4660
41.1 55 2.46 369.1 7690
48.7 65 2.91 727.1 15147
60.3 68 3.04 912.8 19015
65. 72 3.22 1288.6 26845
70.0 75 3.36 1677.8 34955
Figure 3.14: Power vs. number of cars
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3.4 Comparison With Previous Works
Several other works were compared with each other, in terms of output power, data bit
rate, the nature of the power source, their ability for continuous operation and their use of
batteries. A comparative table of this work against four others, is shown in Table 3.5.
Table 3.5: Comparison with previous works
Work Power
source
Power out-
put
Data Rate Use of bat-
teries
Continuous
Operation
Dondi et.
al [13]
Piezoelectric 0.845 mW 22 bps yes yes
Zhou et. al
[12]
Piezoelectric 2.9 mW 50 kbps yes no
Hassan et.
al [14]
Solar 120 mW 1 kbps yes yes
Yuan and
Fang [15]
Magneto-
restrictive
0.576 mW no yes
This work Thermo-
electric
3.3 mW 1.2 kbps no yes
Table 3.5 is intended to illustrate various sources of power that has been employed
for Structural Health Monitoring. It also lays down a comparison of the performance
characteristics of the afore-mentioned methods. It can be seen that most works ([13], [12],
and [14] use batteries as a power backup during off-times (typically during night, for solar-
powered SHM solutions). Some works also do not provide continuous operation ([12]).
The proposed system overcomes these limitations by providing continuous, uninterrupted
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power supply, while also providing a data rate of 1.2 kbps over a range of 18m.
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4. SUMMARY, CONCLUSIONS AND FUTURE WORK
The aim of the proposed work was the development of a self-powered sensor, storage
and transmission system intended for the use of Structural Health Monitoring. To that
end, the following was demonstrated: The End device was successfully powered up using
thermally generated electricity. We are able to read analog data at the End device, look for
an access point and transmit data to it wirelessly. The received data is readable on a laptop
attached to the Access Point. Thus, an end-to-end, batteryless and self-powered system to
gauge vibrations from oncoming vehicles and to store and transmit it wirelessly, is built.
In order to run the system at maximum data rate of 500 kbps, the current required is
22-25 times more than is currently available. Therefore, 90-100 TEGs would be required
in parallel. One TEG is 62 mm x 62 mm x 5.3 mm in dimension. 100 of these, along with
the Booster would fit in a box of 7 inch x 7 inch x 7 inch. Since two such TEG setups
are required at two different depths, two such boxes will be needed. These, along with the
Buck converter and the End Device can be easily embedded under the surface of the road.
How the functionality of the device is affected after placing it underneath the road,
remains to be seen. The Range vs. Power trade-off is a useful problem to solve. The
implementation of Range Extenders in order to overcome this shortcoming is worthy of
consideration. The system power also limited the performance and the range of the de-
vice. Collecting data using a drive-by car is unfeasible, given the small time-frame of data
transfer at high speeds. Lower power solutions based on ZigBee/Bluetooth Low Energy
(BLE) protocols can be explored. BLE is also better than ZigBee as the latter is opti-
mized for star/mesh topology, consuming greater current. BLE supports P2P topology,
and consumed lesser current.
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APPENDIX A
END DEVICE CODE
# i n c l u d e " bsp . h "
# i n c l u d e " m r f i . h "
# i n c l u d e " nwk_types . h "
# i n c l u d e " nwk_api . h "
# i n c l u d e " b s p _ l e d s . h "
# i n c l u d e " b s p _ b u t t o n s . h "
# i n c l u d e " v l o _ r a n d . h "
/ / # i n c l u d e " msp430g2253 . h "
/∗−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
∗−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
/∗ How many t i m e s t o t r y a TX and miss an acknowledge
b e f o r e do ing a scan ∗ /
# d e f i n e MISSES_IN_A_ROW 2
/∗−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
∗−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
s t a t i c vo id l i n k T o ( vo id ) ;
vo id c rea teRandomAddress ( vo id ) ;
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_ _ i n t e r r u p t vo id ADC10_ISR ( vo id ) ;
_ _ i n t e r r u p t vo id Timer_A ( vo id ) ;
/∗−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
∗ G l o b a l s
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
s t a t i c l i n k I D _ t sLinkID1 = 0 ;
/∗ Tempera tu r e o f f s e t s e t a t p r o d u c t i o n ∗ /
v o l a t i l e i n t ∗ t e m p O f f s e t = ( i n t ∗ )0 x10F4 ;
/∗ I n i t i a l i z e r a d i o a d d r e s s l o c a t i o n ∗ /
c h a r ∗ Flash_Addr = ( c h a r ∗ )0 x10F0 ;
/∗ Work loop semaphores ∗ /
s t a t i c v o l a t i l e u i n t 8 _ t sSe l fMeasureSem = 0 ;
/ / G l ob a l v a r i a b l e s
i n t adc [ 1 0 ] = { 0 } ; / / S e t s up an a r r a y o f 10 i n t e g e r s
and zero ’ s t h e v a l u e s
i n t avg_adc = 0 ;
/ / MRFI_Ini t ( ) ;
/ / F u n c t i o n p r o t o t y p e s
vo id adc_Se tup ( ) ;
vo id adc_Sam10 ( ) ;
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/∗−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
∗ Main
∗−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
vo id main ( vo id )
{
a d d r _ t lAddr ;
/∗ I n i t i a l i z e board−s p e c i f i c ha rdware ∗ /
B S P_ I n i t ( ) ;
/ / WDTCTL = WDTPW + WDTHOLD; / / S top WDT
adc_Se tup ( ) ;
/∗ Check f l a s h f o r p r e v i o u s l y s t o r e d a d d r e s s ∗ /
i f ( F lash_Addr [ 0 ] == 0xFF && Flash_Addr [ 1 ] == 0xFF &&
Flash_Addr [ 2 ] == 0xFF && Flash_Addr [ 3 ] == 0xFF )
{
crea teRandomAddress ( ) ; / / C r e a t e and s t o r e a new
random a d d r e s s
}
/∗ Read o u t a d d r e s s from f l a s h ∗ /
lAddr . add r [ 0 ] = Flash_Addr [ 0 ] ;
lAddr . add r [ 1 ] = Flash_Addr [ 1 ] ;
lAddr . add r [ 2 ] = Flash_Addr [ 2 ] ;
lAddr . add r [ 3 ] = Flash_Addr [ 3 ] ;
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/∗ T e l l ne twork s t a c k t h e d e v i c e a d d r e s s ∗ /
SMPL_Ioctl ( IOCTL_OBJ_ADDR , IOCTL_ACT_SET , &lAddr ) ;
/∗ I n i t i a l i z e TimerA and o s c i l l a t o r ∗ /
BCSCTL3 | = LFXT1S_2 ; / / LFXT1 = VLO
TACCTL0 = CCIE ; / / TACCR0 i n t e r r u p t e n a b l e d
TACCR0 = 24000; / / ~ 1 s e c
TACTL = TASSEL_1 + MC_1 ; / / ACLK, upmode
w h i l e (SMPL_SUCCESS != SMPL_Init ( 0 ) )
{
/ / BSP_TOGGLE_LED1 ( ) ;
/ / BSP_TOGGLE_LED2 ( ) ;
/∗ Go t o s l e e p (LPM3 wi th i n t e r r u p t s e n a b l e d )
∗ Timer A0 i n t e r r u p t w i l l wake CPU up e v e r y second
t o r e t r y i n i t i a l i z i n g
∗ /
_ _ b i s _ S R _ r e g i s t e r ( LPM3_bits+GIE ) ;
/ / LPM3 wi th i n t e r r u p t s e n a b l e d
}
/∗ LEDs on s o l i d t o i n d i c a t e s u c c e s s f u l j o i n . ∗ /
/ / BSP_TURN_ON_LED1 ( ) ;
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/ / BSP_TURN_ON_LED2 ( ) ;
/∗ U n c o n d i t i o n a l l i n k t o AP which i s l i s t e n i n g due
t o s u c c e s s f u l j o i n . ∗ /
l i n k T o ( ) ;
w h i l e ( 1 ) ;
}
s t a t i c vo id l i n k T o ( )
{
u i n t 8 _ t msg [ 3 ] ;
# i f d e f APP_AUTO_ACK
u i n t 8 _ t misses , done ;
# e n d i f
/∗ Keep t r y i n g t o l i n k . . . ∗ /
w h i l e (SMPL_SUCCESS != SMPL_Link(& sLinkID1 ) )
{
/ / BSP_TOGGLE_LED1 ( ) ;
/ / BSP_TOGGLE_LED2 ( ) ;
/∗ Go t o s l e e p (LPM3 wi th i n t e r r u p t s e n a b l e d )
∗ Timer A0 i n t e r r u p t w i l l wake CPU up e v e r y second
t o r e t r y l i n k i n g
∗ /
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_ _ b i s _ S R _ r e g i s t e r ( LPM3_bits+GIE ) ;
}
/∗ Turn o f f LEDs . ∗ /
/ / BSP_TURN_OFF_LED1 ( ) ;
/ / BSP_TURN_OFF_LED2 ( ) ;
w h i l e ( 1 )
{
/∗ Go t o s l e e p , w a i t i n g f o r i n t e r r u p t e v e r y second
t o a c q u i r e d a t a ∗ /
_ _ b i s _ S R _ r e g i s t e r ( LPM3_bits ) ;
adc_Sam10 ( ) ; / / F u n c t i o n c a l l f o r adc_samp
/ / Add a l l t h e sampled d a t a and d i v i d e by 10 t o
/ / f i n d a v e r a g e
avg_adc = ( ( adc [ 0 ] + adc [ 1 ] + adc [ 2 ] + adc [ 3 ] + adc [ 4 ] +
adc [ 5 ] + adc [ 6 ] + adc [ 7 ] + adc [ 8 ] + adc [ 9 ] ) / 1 0 ) ;
/ / avg_adc = adc [ 0 ] ;
msg [ 2 ] = ( avg_adc / 1 0 0 ) ;
msg [ 1 ] = ( avg_adc %100/10) ;
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msg [ 0 ] = ( avg_adc %10);
/ / msg [ 2 ] = 2 ;
/ / msg [ 1 ] = 1 ;
/ / msg [ 0 ] = 0 ;
/∗ Get r a d i o r e a d y . . . awakens i n i d l e s t a t e ∗ /
# i f d e f APP_AUTO_ACK
/∗ Reques t t h a t t h e AP s e n d s back t o c o n f i r m
d a t a t r a n s m i s s i o n
∗ Note : E n a b l i n g t h i s s e c t i o n more t h a n DOUBLES
c u r r e n t consumpt ion due t o t h e amount o f t ime
w a i t i n g f o r t h e AP t o r e s p o n d
∗ /
done = 0 ;
w h i l e ( ! done )
{
noAck = 0 ;
/∗ Try s e n d i n g message MISSES_IN_A_ROW
t i m e s l o o k i n g f o r ack ∗ /
m i s s e s =0;
f o r ( ; m i s s e s < MISSES_IN_A_ROW ; ++ m i s s e s )
{
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i f (SMPL_SUCCESS==( r c =SMPL_SendOpt ( sLinkID1 ,
msg , s i z e o f ( msg ) , SMPL_TXOPTION_ACKREQ ) ) )
{
/∗ Message acked . We’ r e done . Toggle LED
t o i n d i c a t e ack r e c e i v e d . ∗ /
BSP_TURN_ON_LED1 ( ) ;
_ _ d e l a y _ c y c l e s ( 2 0 0 0 ) ;
BSP_TURN_OFF_LED1 ( ) ;
b r e a k ;
}
i f (SMPL_NO_ACK == r c )
{
/∗ Count ack f a i l u r e s . Could a l s o f a i l
b e c u a s e o f CCA and
∗ we don ’ t want t o scan i n t h i s c a s e .
∗ /
noAck ++;
}
}
i f ( MISSES_IN_A_ROW == noAck )
{
/∗ Message n o t acked ∗ /
BSP_TURN_ON_LED2 ( ) ;
_ _ d e l a y _ c y c l e s ( 2 0 0 0 ) ;
BSP_TURN_OFF_LED2 ( ) ;
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# i f d e f FREQUENCY_AGILITY
/∗ Assume we ’ r e on t h e wrong c h a n n e l so
look f o r c h a n n e l by
∗ u s i n g t h e Ping t o i n i t i a t e a scan when
i t g e t s no r e p l y . With
∗ a s u c c e s s f u l p ing t r y s e n d i n g t h e
message a g a i n . Otherwise ,
∗ f o r any e r r o r we g e t we w i l l w a i t
u n t i l t h e n e x t b u t t o n
∗ p r e s s t o t r y a g a i n .
∗ /
i f (SMPL_SUCCESS != SMPL_Ping ( sLinkID1 ) )
{
done = 1 ;
}
# e l s e
done = 1 ;
# e n d i f /∗ FREQUENCY_AGILITY ∗ /
}
e l s e
{
/∗ Got t h e ack o r we don ’ t c a r e . ∗ /
done = 1 ;
}
}
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# e l s e
/∗ No AP acknowledgement , j u s t send a s i n g l e
message t o t h e AP ∗ /
SMPL_SendOpt ( sLinkID1 , msg , s i z e o f ( msg ) ,TXOPTION_NONE ) ;
# e n d i f /∗ APP_AUTO_ACK ∗ /
/∗ Put r a d i o back t o s l e e p ∗ /
SMPL_Ioctl ( IOCTL_OBJ_RADIO , IOCTL_RADIO_SLEEP , 0 ) ;
/∗ Done wi th measurement , d i s a b l e measure f l a g ∗ /
sSe l fMeasureSem = 0 ;
}
}
vo id c rea teRandomAddress ( )
{
u n s i g n e d i n t rand , r and2 ;
do
{
rand = TI_getRandomIntegerFromVLO ( ) ;
/ / f i r s t b y t e can n o t be 0x00 of 0xFF
}
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w h i l e ( ( r and & 0xFF00 )==0 xFF00 | |
( r and & 0xFF00 )==0 x0000 ) ;
r and2 = TI_getRandomIntegerFromVLO ( ) ;
BCSCTL1 = CALBC1_1MHZ;
/ / S e t DCO t o 1MHz
DCOCTL = CALDCO_1MHZ;
FCTL2 = FWKEY + FSSEL0 + FN1 ;
/ / MCLK/ 3 f o r F l a s h Timing G e n e r a t o r
FCTL3 = FWKEY + LOCKA;
/ / C l e a r LOCK & LOCKA b i t s
FCTL1 = FWKEY + WRT;
/ / S e t WRT b i t f o r w r i t e o p e r a t i o n
Flash_Addr [ 0 ] = ( rand > >8) & 0xFF ;
F lash_Addr [ 1 ] = rand & 0xFF ;
F lash_Addr [ 2 ] = ( rand2 > >8) & 0xFF ;
F lash_Addr [ 3 ] = rand2 & 0xFF ;
FCTL1 = FWKEY;
/ / C l e a r WRT b i t
FCTL3 = FWKEY + LOCKA + LOCK;
/ / S e t LOCK & LOCKA b i t
}
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/∗−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
∗ ADC10 i n t e r r u p t s e r v i c e r o u t i n e
∗−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
# pragma v e c t o r =ADC10_VECTOR
_ _ i n t e r r u p t vo id ADC10_ISR ( vo id )
{
_ _ b i c _ S R _ r e g i s t e r _ o n _ e x i t (CPUOFF ) ;
/ / C l e a r CPUOFF b i t from 0(SR )
}
/∗−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
∗ Timer A0 i n t e r r u p t s e r v i c e r o u t i n e
∗−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
# pragma v e c t o r =TIMERA0_VECTOR
_ _ i n t e r r u p t vo id Timer_A ( vo id )
{
sSe l fMeasureSem = 1 ;
_ _ b i c _ S R _ r e g i s t e r _ o n _ e x i t ( LPM3_bits ) ;
/ / C l e a r LPM3 b i t from 0(SR )
}
/ / ADC10 i n t e r r u p t s e r v i c e r o u t i n e
/ / ADC s e t−up f u n c t i o n
vo id adc_Se tup ( )
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{ADC10CTL1 = CONSEQ_2 + INCH_0 ;
/ / Repea t s i n g l e channe l , A0
ADC10CTL0 = ADC10SHT_2 + MSC + ADC10ON + ADC10IE ;
/ / Sample & Hold Time + ADC10 ON + I n t e r r u p t Enab le
ADC10DTC1 = 0x01 ;
/ / 10 c o n v e r s i o n s
ADC10AE0 | = 0x0A ;
/ / P1 . 0 ADC o p t i o n s e l e c t
}
/ / ADC sample c o n v e r s i o n f u n c t i o n
vo id adc_Sam10 ( )
{
ADC10CTL0 &= ~ENC;
/ / D i s a b l e C o n v e r s i o n
w h i l e (ADC10CTL1 & BUSY ) ;
/ / Wait i f ADC10 busy
ADC10SA = ( i n t ) adc ;
ADC10CTL0 | = ENC + ADC10SC ;
/ / Enab le C o n v e r s i o n and c o n v e r s i o n s t a r t
_ _ b i s _ S R _ r e g i s t e r (CPUOFF + GIE ) ;
/ / Low Power Mode 0 , ADC10_ISR
}
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APPENDIX B
ACCESS POINT CODE
# i n c l u d e < s t r i n g . h>
# i n c l u d e < s t d i o . h>
# i n c l u d e " bsp . h "
# i n c l u d e " m r f i . h "
# i n c l u d e " b s p _ l e d s . h "
# i n c l u d e " b s p _ b u t t o n s . h "
# i n c l u d e " nwk_types . h "
# i n c l u d e " nwk_api . h "
# i n c l u d e " nwk_frame . h "
# i n c l u d e "nwk . h "
# i n c l u d e " v i r t u a l _ c o m _ c m d s . h "
/∗ Frequency A g i l i t y h e l p e r f u n c t i o n s ∗ /
s t a t i c vo id checkChangeChannel ( vo id ) ;
s t a t i c vo id changeChanne l ( vo id ) ;
_ _ i n t e r r u p t vo id ADC10_ISR ( vo id ) ;
_ _ i n t e r r u p t vo id Timer_A ( vo id ) ;
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/∗−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
∗ G l o b a l s
∗−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
/∗ r e s e r v e s p a c e f o r t h e max p o s s i b l e p e e r Link IDs ∗ /
s t a t i c l i n k I D _ t sLID [NUM_CONNECTIONS] = { 0 } ;
s t a t i c u i n t 8 _ t sNumCurren tPeer s = 0 ;
/∗ c a l l b a c k h a n d l e r ∗ /
s t a t i c u i n t 8 _ t sCB ( l i n k I D _ t ) ;
/∗ r e c e i v e d message h a n d l e r ∗ /
s t a t i c vo id p r o c e s s M e s s a g e ( l i n k I D _ t , u i n t 8 _ t ∗ , u i n t 8 _ t ) ;
/∗ work loop semaphores ∗ /
s t a t i c v o l a t i l e u i n t 8 _ t sPeerFrameSem = 0 ;
s t a t i c v o l a t i l e u i n t 8 _ t sJoinSem = 0 ;
s t a t i c v o l a t i l e u i n t 8 _ t sSe l fMeasureSem = 0 ;
/∗ b l i n k LEDs when c h a n n e l changes . . . ∗ /
s t a t i c v o l a t i l e u i n t 8 _ t s B l i n k y = 0 ;
/∗ d a t a f o r t e r m i n a l o u t p u t ∗ /
c o n s t c h a r s p l a s h [ ] = { " \ r \ n−−−−−−−−−
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
\ r \ n ∗∗∗∗ \ r \ n
59
∗∗∗∗ eZ430−RF2500 \ r \ n ∗∗∗∗∗∗o∗∗∗∗
Tempera tu r e S en so r Network \ r \ n∗∗∗∗∗∗∗∗_ / / / _∗∗∗∗
C o p y r i g h t 2009 \ r \ n ∗∗∗∗∗∗ / _ / / _ /∗∗∗∗∗
Texas I n s t r u m e n t s
I n c o r p o r a t e d \ r \ n ∗∗ ∗∗∗ ( __ /∗∗∗∗∗
A l l r i g h t s r e s e r v e d . \ r \ n
∗∗∗∗∗∗∗∗∗ S i m p l i c i T I 1 . 1 . 1 \ r \ n
∗∗∗∗∗ \ r \ n ∗∗∗ \ r \ n−−−−−−−−−−−−−−−−−−−−−−−−
−−−−−−−−−−−−−−−−−−−−−−−−−−\r \ n " } ;
v o l a t i l e i n t ∗ t e m p O f f s e t = ( i n t ∗ )0 x10F4 ;
/∗−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
∗ Frequency A g i l i t y s u p p o r t ( i n t e r f e r e n c e d e t e c t i o n )
∗−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−∗/
# i f d e f FREQUENCY_AGILITY
# d e f i n e INTERFERNCE_THRESHOLD_DBM (−70)
# d e f i n e SSIZE 25
# d e f i n e IN_A_ROW 3
s t a t i c i n t 8 _ t sSample [ SSIZE ] ;
s t a t i c u i n t 8 _ t sChanne l = 0 ;
# e n d i f /∗ FREQUENCY_AGILITY ∗ /
c h a r p r i n t i n g [ ] = { " \ r \nXXX" } ;
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i n t v a l u e =0;
/∗−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
∗ Main
∗−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−∗/
vo id main ( vo id )
{
b s p I S t a t e _ t i n t S t a t e ;
# i f d e f FREQUENCY_AGILITY
memset ( sSample , 0x0 , s i z e o f ( sSample ) ) ;
# e n d i f
/∗ I n i t i a l i z e boa rd ∗ /
B S P_ I n i t ( ) ;
/∗ I n i t i a l i z e TimerA and o s c i l l a t o r ∗ /
BCSCTL3 | = LFXT1S_2 ;
/ / LFXT1 = VLO
TACCTL0 = CCIE ;
/ / TACCR0 i n t e r r u p t e n a b l e d
TACCR0 = 12000;
/ / ~1 second
TACTL = TASSEL_1 + MC_1 ;
/ / ACLK, upmode
61
/∗ I n i t i a l i z e s e r i a l p o r t ∗ /
COM_Init ( ) ;
/ / s p r i n t f ( p r i n t i n g , " S t a r t e d " ) ;
/ / T r a n s m i t s p l a s h s c r e e n , ne twork i n i t n o t i f i c a t i o n
TXStr ing ( ( c h a r ∗ ) s p l a s h , s i z e o f s p l a s h ) ;
TXStr ing ( " \ r \ n I n i t i a l i z i n g Network . . . . " , 26 ) ;
SMPL_Init ( sCB ) ;
/ / ne twork i n i t i a l i z e d
TXStr ing ( " Done \ r \ n " , 6 ) ;
/∗ g r e e n and r e d LEDs on s o l i d t o i n d i c a t e w a i t i n g
f o r a J o i n . ∗ /
BSP_TURN_ON_LED1 ( ) ;
BSP_TURN_ON_LED2 ( ) ;
/∗ main work loop ∗ /
w h i l e ( 1 )
{
/∗ Wait f o r t h e J o i n semaphore t o be s e t by t h e
r e c e i p t o f a J o i n f rame from
62
∗ a d e v i c e t h a t s u p p o r t s an End Device .
∗
∗ An e x t e r n a l method c o u l d be used . A b u t t o n
p r e s s c o u l d be c o n n e c t e d
∗ t o an ISR and t h e ISR c o u l d s e t a semaphore t h a t
i s checked by a f u n c t i o n
∗ c a l l here , o r a command s h e l l r u n n i n g i n s u p p o r t
o f a s e r i a l c o n n e c t i o n
∗ c o u l d s e t a semaphore checked by a f u n c t i o n
c a l l .
∗ /
i f ( sJoinSem && ( sNumCurren tPeer s < NUM_CONNECTIONS) )
{
/∗ l i s t e n f o r a new c o n n e c t i o n ∗ /
w h i l e ( 1 )
{
i f (SMPL_SUCCESS == SMPL_LinkListen
(&sLID [ sNumCurren tPeer s ] ) )
{
b r e a k ;
}
/∗ Implement f a i l −to−l i n k p o l i c y h e r e .
o t h e r w i s e , l i s t e n a g a i n . ∗ /
}
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sNumCurren tPeer s ++;
BSP_ENTER_CRITICAL_SECTION ( i n t S t a t e ) ;
sJoinSem−−;
BSP_EXIT_CRITICAL_SECTION ( i n t S t a t e ) ;
}
/∗ Get t e m p e r a t u r e ∗ /
/ / ADC10CTL1 = INCH_10 + ADC10DIV_4 ;
/ / Temp Se ns o r ADC10CLK/ 5
/ / ADC10CTL0 = SREF_1 + ADC10SHT_3 + REFON
+ ADC10ON + ADC10IE + ADC10SR ;
/∗ Allow r e f v o l t a g e t o s e t t l e f o r a t l e a s t
30 us (30 us ∗ 8MHz = 240 c y c l e s )
∗ See SLAS504D f o r s e t t l i n g t ime spec
∗ /
/ / _ _ d e l a y _ c y c l e s ( 2 4 0 ) ;
/ / ADC10CTL0 | = ENC + ADC10SC ;
/ / Sampl ing and c o n v e r s i o n s t a r t
/ / _ _ b i s _ S R _ r e g i s t e r (CPUOFF + GIE ) ;
/ / LPM0 wi th i n t e r r u p t s e n a b l e d
/ / r e s u l t s [ 0 ] = ADC10MEM;
/ / R e t r i e v e r e s u l t
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/ / ADC10CTL0 &= ~ENC;
/∗ Get v o l t a g e ∗ /
/ / ADC10CTL1 = INCH_11 ;
/ / AVcc / 2
/ / ADC10CTL0 = SREF_1 + ADC10SHT_2 +
REFON + ADC10ON + ADC10IE + REF2_5V ;
/ / _ _ d e l a y _ c y c l e s ( 2 4 0 ) ;
/ / ADC10CTL0 | = ENC + ADC10SC ;
/ / Sampl ing and c o n v e r s i o n s t a r t
/ / _ _ b i s _ S R _ r e g i s t e r (CPUOFF + GIE ) ;
/ / LPM0 wi th i n t e r r u p t s e n a b l e d
/ / r e s u l t s [ 1 ] = ADC10MEM;
/ / R e t r i e v e r e s u l t
/∗ Stop and t u r n o f f ADC ∗ /
/ / ADC10CTL0 &= ~ENC;
/ / ADC10CTL0 &= ~(REFON + ADC10ON ) ;
/∗ oC = ( ( A10 /1024 )∗1500mV)−986mV) ∗ 1 / 3 . 5 5mV
= A10∗423/1024 − 278
∗ t h e t e m p e r a t u r e i s t r a n s m i t t e d as an i n t e g e
r where 3 2 . 1 = 321
∗ hence 4230 i n s t e a d o f 423
∗ /
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/ / temp = r e s u l t s [ 0 ] ;
/ / degC = ( ( temp − 673) ∗ 4230) / 1024 ;
/ / i f ( (∗ t e m p O f f s e t ) != 0xFFFF )
/ / {
/ / degC += (∗ t e m p O f f s e t ) ;
/ / }
/ / temp = r e s u l t s [ 1 ] ;
/ / v o l t = ( temp ∗ 2 5 ) / 5 1 2 ;
/∗ Package up t h e d a t a ∗ /
/ / msg [ 0 ] = degC&0xFF ;
/ / msg [ 1 ] = ( degC >>8)&0xFF ;
/ / msg [ 2 ] = v o l t ;
/∗ Send i t ove r s e r i a l p o r t ∗ /
/ / t r a n s m i t D a t a S t r i n g ( 1 , addr , r s s i , msg ) ;
BSP_TOGGLE_LED1 ( ) ;
/∗ Done wi th measurement , d i s a b l e f l a g ∗ /
sSe l fMeasureSem = 0 ;
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∗ No c r i t i c a l s e c t i o n
∗ /
i f ( sPeerFrameSem )
{
u i n t 8 _ t msg [ 3 ] , l en , i ;
/∗ p r o c e s s a l l f r am es w a i t i n g ∗ /
f o r ( i =0 ; i < sNumCurren tPeer s ; ++ i )
{
i f (SMPL_SUCCESS==SMPL_Receive ( sLID [ i ] ) )
{
i o c t l R a d i o S i g i n f o _ t s i g I n f o ;
p r o c e s s M e s s a g e ( sLID [ i ] , msg , l e n ) ;
s i g I n f o . l i d = sLID [ i ] ;
SMPL_Ioctl ( IOCTL_OBJ_RADIO ,
( vo id ∗)& s i g I n f o ) ;
v a l u e = msg [2 ]∗100+ msg [1 ]∗10+ msg [ 0 ] ;
/ / t r a n s m i t D a t a ( i , s i g I n f o . s i g I n f o . r s s i ,
( c h a r ∗ ) msg ) ;
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p r i n t i n g [ 4 ] = ’ 0 ’ + msg [ 0 ] ;
p r i n t i n g [ 3 ] = ’ 0 ’ + msg [ 1 ] ;
p r i n t i n g [ 2 ] = ’ 0 ’ + msg [ 2 ] ;
TXStr ing ( p r i n t i n g , s i z e o f p r i n t i n g ) ;
BSP_TOGGLE_LED2 ( ) ;
BSP_ENTER_CRITICAL_SECTION ( i n t S t a t e ) ;
sPeerFrameSem−−;
BSP_EXIT_CRITICAL_SECTION ( i n t S t a t e ) ;
}
}
}
i f (BSP_BUTTON1 ( ) )
{
_ _ d e l a y _ c y c l e s ( 2 0 0 0 0 0 0 ) ; /∗ debounce ∗ /
changeChanne l ( ) ;
}
e l s e
{
checkChangeChannel ( ) ;
}
BSP_ENTER_CRITICAL_SECTION ( i n t S t a t e ) ;
i f ( s B l i n k y )
{
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i f (++ s B l i n k y >= 0xF )
{
s B l i n k y = 1 ;
BSP_TOGGLE_LED1 ( ) ;
BSP_TOGGLE_LED2 ( ) ;
}
}
BSP_EXIT_CRITICAL_SECTION ( i n t S t a t e ) ;
}
}
/∗ Runs i n ISR c o n t e x t . ∗ /
s t a t i c u i n t 8 _ t sCB ( l i n k I D _ t l i d )
{
i f ( l i d )
{
sPeerFrameSem ++;
s B l i n k y = 0 ;
}
e l s e
{
sJoinSem ++;
}
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/∗ l e a v e f rame t o be r e a d by a p p l i c a t i o n . ∗ /
r e t u r n 0 ;
}
s t a t i c vo id p r o c e s s M e s s a g e ( l i n k I D _ t l i d ,
u i n t 8 _ t ∗msg , u i n t 8 _ t l e n )
{
/∗ do some th ing u s e f u l ∗ /
i f ( l e n )
{
/ / s p r i n t f ( p r i n t i n g , " a %d " ,∗msg ) ;
/ / s p r i n t f ( p r i n t i n g , " Second e l e m e n t %d " , msg [ 1 ] ) ;
BSP_TOGGLE_LED1 ( ) ;
}
r e t u r n ;
}
s t a t i c vo id changeChanne l ( vo id )
{
# i f d e f FREQUENCY_AGILITY
f r e q E n t r y _ t f r e q ;
i f (++ sChanne l >= NWK_FREQ_TBL_SIZE)
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{sChanne l = 0 ;
}
f r e q . l o g i c a l C h a n = sChanne l ;
SMPL_Ioctl ( IOCTL_OBJ_FREQ , IOCTL_ACT_SET , &f r e q ) ;
BSP_TURN_OFF_LED1 ( ) ;
BSP_TURN_OFF_LED2 ( ) ;
s B l i n k y = 1 ;
# e n d i f
r e t u r n ;
}
/∗ implement au to−channe l−change p o l i c y h e r e . . . ∗ /
s t a t i c vo id checkChangeChannel ( vo id )
{
# i f d e f FREQUENCY_AGILITY
i n t 8 _ t dbm , inARow = 0 ;
u i n t 8 _ t i ;
memset ( sSample , 0x0 , SSIZE ) ;
f o r ( i =0 ; i <SSIZE ; ++ i )
{
/∗ q u i t i f we need t o s e r v i c e an app frame ∗ /
i f ( sPeerFrameSem | | sJo inSem )
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{r e t u r n ;
}
NWK_DELAY( 1 ) ;
SMPL_Ioctl
( IOCTL_OBJ_RADIO , IOCTL_ACT_RADIO_RSSI ,
( vo id ∗)&dbm ) ;
sSample [ i ] = dbm ;
i f ( dbm > INTERFERNCE_THRESHOLD_DBM)
{
i f (++inARow == IN_A_ROW)
{
changeChanne l ( ) ;
b r e a k ;
}
}
e l s e
{
inARow = 0 ;
}
}
# e n d i f
r e t u r n ;
}
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/∗−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
∗ ADC10 i n t e r r u p t s e r v i c e r o u t i n e
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−∗/
# pragma v e c t o r =ADC10_VECTOR
_ _ i n t e r r u p t vo id ADC10_ISR ( vo id )
{
_ _ b i c _ S R _ r e g i s t e r _ o n _ e x i t (CPUOFF ) ;
/ / C l e a r CPUOFF b i t from 0(SR )
}
/∗−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
∗ Timer A0 i n t e r r u p t s e r v i c e r o u t i n e
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
# pragma v e c t o r =TIMERA0_VECTOR
_ _ i n t e r r u p t vo id Timer_A ( vo id )
{
sSe l fMeasureSem = 0 ;
}
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APPENDIX C
MINIMAL RF INTEGRATION CODE
# i f n d e f MRFI_H
# d e f i n e MRFI_H
# i n c l u d e " bsp . h "
# i n c l u d e " m r f i _ d e f s . h "
/∗ −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
∗ D e f i n e s
∗ −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
∗ /
# d e f i n e MRFI_NUM_LOGICAL_CHANS
__mrfi_NUM_LOGICAL_CHANS__
# d e f i n e MRFI_NUM_POWER_SETTINGS
__mrfi_NUM_POWER_SETTINGS__
/∗ r e t u r n v a l u e s f o r MRFI_Transmit ∗ /
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# d e f i n e MRFI_TX_RESULT_SUCCESS 0
# d e f i n e MRFI_TX_RESULT_FAILED 1
/∗ t r a n s m i t t y p e p a r a m e t e r f o r MRFI_Transmit ∗ /
# d e f i n e MRFI_TX_TYPE_FORCED 0
# d e f i n e MRFI_TX_TYPE_CCA 1
# i f n d e f SMPL_SECURE
# d e f i n e NWK_HDR_SIZE 3
# d e f i n e NWK_PAYLOAD MAX_NWK_PAYLOAD
# e l s e
# d e f i n e NWK_HDR_SIZE 6
# d e f i n e NWK_PAYLOAD (MAX_NWK_PAYLOAD+4)
# e n d i f
/∗ i f e x t e r n a l code has d e f i n e d a maximum payload ,
use t h a t i n s t e a d o f d e f a u l t ∗ /
# i f d e f MAX_APP_PAYLOAD
# i f n d e f MAX_NWK_PAYLOAD
# e r r o r ERROR: MAX_NWK_PAYLOAD n o t d e f i n e d
# e n d i f
# i f MAX_APP_PAYLOAD < NWK_PAYLOAD
# d e f i n e MAX_PAYLOAD NWK_PAYLOAD
# e l s e
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# d e f i n e MAX_PAYLOAD MAX_APP_PAYLOAD
# e n d i f
# d e f i n e MRFI_MAX_PAYLOAD_SIZE
(MAX_PAYLOAD+NWK_HDR_SIZE)
/∗ S i m p l i c i T I p a y l o a d s i z e p l u s s i x b y t e o v e r h e a d ∗ /
# e n d i f
/∗ f rame d e f i n i t i o n s ∗ /
# d e f i n e MRFI_ADDR_SIZE
__mrfi_ADDR_SIZE__
# i f n d e f MRFI_MAX_PAYLOAD_SIZE
# d e f i n e MRFI_MAX_PAYLOAD_SIZE
__mrfi_MAX_PAYLOAD_SIZE__
# e n d i f
# d e f i n e MRFI_MAX_FRAME_SIZE
(MRFI_MAX_PAYLOAD_SIZE + __mrfi_FRAME_OVERHEAD_SIZE__ )
# d e f i n e MRFI_RX_METRICS_SIZE
__mrfi_RX_METRICS_SIZE__
# d e f i n e MRFI_RX_METRICS_RSSI_OFS
__mrfi_RX_METRICS_RSSI_OFS__
# d e f i n e MRFI_RX_METRICS_CRC_LQI_OFS
__mrfi_RX_METRICS_CRC_LQI_OFS__
/∗ Radio S t a t e s ∗ /
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# d e f i n e MRFI_RADIO_STATE_UNKNOWN 0
# d e f i n e MRFI_RADIO_STATE_OFF 1
# d e f i n e MRFI_RADIO_STATE_IDLE 2
# d e f i n e MRFI_RADIO_STATE_RX 3
/∗ P l a t f o r m c o n s t a n t used t o c a l c u l a t e wors t−c a s e f o r
an a p p l i c a t i o n
∗ acknowledgment d e l a y . Used i n t h e NWK_REPLY_DELAY ( ) .
∗
# d e f i n e PLATFORM_FACTOR_CONSTANT
(2 + 2∗ (MAX_HOPS∗ (MRFI_CCA_RETRIES∗
(8∗MRFI_BACKOFF_PERIOD_USECS ) / 1 0 0 0 ) ) )
/∗ −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
∗ Macros
∗ −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
∗ /
# d e f i n e MRFI_GET_PAYLOAD_LEN( p )
__mrfi_GET_PAYLOAD_LEN__ ( p )
# d e f i n e MRFI_SET_PAYLOAD_LEN( p , x )
__mrfi_SET_PAYLOAD_LEN__ ( p , x )
# d e f i n e MRFI_P_DST_ADDR( p )
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__mrfi_P_DST_ADDR__ ( p )
# d e f i n e MRFI_P_SRC_ADDR( p )
__mrfi_P_SRC_ADDR__ ( p )
# d e f i n e MRFI_P_PAYLOAD( p )
__mrfi_P_PAYLOAD__ ( p )
/∗ −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
∗ Typdefs
∗ −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
∗ /
t y p e d e f s t r u c t
{
u i n t 8 _ t f rame [MRFI_MAX_FRAME_SIZE ] ;
u i n t 8 _ t r x M e t r i c s [ MRFI_RX_METRICS_SIZE ] ;
} m r f i P a c k e t _ t ;
/∗ −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
∗ P r o t o t y p e s
∗ −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
∗ /
vo id MRFI_Ini t ( vo id ) ;
u i n t 8 _ t MRFI_Transmit ( m r f i P a c k e t _ t ∗ , u i n t 8 _ t ) ;
vo id MRFI_Receive ( m r f i P a c k e t _ t ∗ ) ;
vo id MRFI_RxCompleteISR ( vo id ) ;
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/∗ p o p u l a t e d by code u s i n g MRFI ∗ /
u i n t 8 _ t MRFI_GetRadioSta te ( vo id ) ;
vo id MRFI_RxOn ( vo id ) ;
vo id MRFI_RxIdle ( vo id ) ;
i n t 8 _ t MRFI_Rssi ( vo id ) ;
vo id MRFI_SetLogica lChannel ( u i n t 8 _ t ) ;
u i n t 8 _ t MRFI_Se tRxAddrFi l t e r ( u i n t 8 _ t ∗ ) ;
vo id MRFI_EnableRxAddrFi l te r ( vo id ) ;
vo id MRFI_Disab leRxAddrF i l t e r ( vo id ) ;
vo id MRFI_Sleep ( vo id ) ;
vo id MRFI_WakeUp ( vo id ) ;
u i n t 8 _ t MRFI_RandomByte ( vo id ) ;
vo id MRFI_DelayMs ( u i n t 1 6 _ t ) ;
vo id MRFI_ReplyDelay ( vo id ) ;
vo id MRFI_PostKil lSem ( vo id ) ;
vo id MRFI_SetRFPwr ( u i n t 8 _ t ) ;
/∗ −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
∗ Gl ob a l C o n s t a n t s
∗ −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
∗ /
e x t e r n c o n s t u i n t 8 _ t m r f i B r o a d c a s t A d d r [ ] ;
∗ /
79
# e n d i f
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